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INTJRODUCT[ON
In recent years aquatic ecologists have been giving much attention to the study of sediments, for their fossils can provide clues to lake conditions past and present. Both carotenoids and chlorophyll derivatives are well known as biochemical fossils and appear to be universally present in organic freshwater sediments. Much of the knowledge of both types of pigment was summarized by Vallentyne (1960) .
Investigations in the past decade have shown that plant pigments preserved in the sediments may follow lake productivity. In the English Lake District, concentrations of chlorophyll derivatives in the organic matter of surface sediments from a range of lakes, some very oligotrophic (Wastwater and Ennerdale) and others eutrophic (Esthwaite Water and Priest Pot), proved to be sensitive indices to lake fertility (Gorham 1960) . Pigments throughout the sedimentary column have also provided important clues to postglacial production and lake evolution (Gorham 1961; Vallentyne 1954 Vallentyne , 1956 Vallentyne , 1960 Belcher (1961) and Belcher and Fogg (1964) suggested that the ratio of chlorophyll derivatives to epiphasic carotenoids throughout the sedimentary column might reflect changes in lake fertility. They believed that the abundance of lutein pointed to higher plants, chlorophytes, euglenophytes, or less probably chrysophytes, as major sources of the pigments. Vallentyne (1960) reported at least 20 different carotenoids in sediments up to 100,000 years old, noting that only 6 have been rigorously identified and shown to have counterparts in living cells. At least some of these carotenoids could be of importance in ascertaining past production. In one bog lake, Vallentyne (1956) found higher concentrations of a-and ,-carotene in sediments 6,000-8,000 years old than in sediments deposited before or after, and he noted a correspondence between the amounts of carotenoids per unit weight of organic matter and other possible indicators of former productivity.
A more specific illustration was provided by Ztillig (1960) , who examined near-surface sediments of several Swiss lakes for concentrations of the carotenoid myxoxanthophyll as a function of depth. Increasing pollution in these lakes during the past several decades has led to the development of large populations of the blue-green Oscillatoria rubescens. Since myxoxanthophyll is unique to blue-green algae, Zullig was: interested in whether the myxoxanthophyll in the sediments would increase proportionally to the increasing populations in the 59 lake and hence serve as an indicator of past changes in the abundance of blue-green algae. His results show clearly that concentrations of sedimentary myxoxanthophyll are closely related to known concentrations of blue-green algae in the lake during the recent past.
More recently Griffiths, Perrott, and Edmondson (1969) have examined the vertical distribution of oscillaxanthin in the sediments of Lake Washington. The pigment is known to be produced by 0. rubescens and Oscillatoria agardhii, which have occurred in the lake in abundance since sewage enrichment during the early 1950s. Changes in the quantity of oscillaxanthin in the top few centimeters of sediment seem to reflect recent fluctuations in the production of Oscillatoria.
Another aspect of aquatic ecology in which pigment studies have been of value concerns the source of sedimentary organic matter. Because of the susceptibility of autochthonous plankton to decomposition, Mackereth (1965 Mackereth ( , 1966 claimed that the organic component of mesotrophic lake sediments consists largely of more resistant, allochthonous material from the drainage basin. Evidence from sedimentary pigments does not, however, verify this in the case of biologically productive lakes (Gorham 1960 (Gorham , 1961 Gorham and Sanger 1967) , since the sedimentary organic matter of eutrophic lakes and ponds is generally rich in pigments, while upland litter and soil humus layers are notably poor (Gorham 1959,; Gorham and Sanger 1964, 1967) .
This study was undertaken to investigate further the sources of organic matter in lake sediments, by examining the diversity of plant pigments in lake sediments of widely differing trophic, morphological, and chemical characteristics, and in terrestrial and aquatic plant material in varying stages of decomposition.
METHODS

Choice of lakes
Lakes were chosen to include those whose primary productivity and water and sediment chemistry are now being studied. Eighteen lakes in Minnesota were selected for analysis (Fig. 1) , as well as six in the English Lake District for which samples were on hand from another study ( Table  1) . Group 1 represented oligotrophic to mesotrophic lakes in northeastern Minnesota, situated in an area of exposed igneous rocks (granite, gabbro, basalt, and rhyolite) with thin patches of infertile, noncalcareous glacial till. Only a few of these lakes are subject to evident blue-green algal blooms, most notably Shagawa-heavily polluted by sewage from the town of Ely. Group 2 represented eutrophic lakes from central, southern, and western Minnesota located in fertile, calcareous moraines, tills, and outwash plains of Wisconsin age. These lakes frequently exhibit heavy blooms of blue-green algae. An example of a southwesten saline lake (Salt Lake) rich in sodium sulfate was included as group 3. Group 4 comprised six of the English Lakes that range from oligotrophic (Crummock) to mesotrophic (Ullswater) and do not show dense algal blooms. Lakes of group 1 are characterized by total cation concentrations between 0.2 and 0.4 meq/liter, compared to concentrations between 0.9 and 3.0 meq/liter for lakes of group 2. Salt Lake is much more concentrated-271 meq/liter. The English lakes in group 4 are similar chemically to those of group 1 in Minnesota, ranging from 0.1 to 0.3 meq/liter.
Choice of plants Pigmented plant tissues in varying stages of development and decomposition were collected from both terrestrial and aquatic sites that represent potential sources of organic matter to the sediments. Pigment diversity was measured in oak (Quercus ellipsoidalis), hazel (Corylus americana), and aspen (Populus tremuloides) leaves before, during, and after the period of senescence and autumn coloration (Sanger 1968) . In addition a mixture of upland plant materials, including grasses, sedges, forbs, and shrub and tree leaves, was examined for pigment diversity in both summer and autumn. Pigment diversity was also recorded for L (litter), F (fermentation), and H (humification) horizons in the humus layers of upland forest soils.
Because green leaves from the surrounding landscape undoubtedly reach the surface of lake sediments during high winds and summer thunderstorms, we felt that green leaves may make a substantial, if not major, contribution of terrestrial pigments to lake sediments. Therefore, measurements were made of pigment diversity in green leaves left to decay in the intact condition for up to 1 yr on and in the sediments of a small pond, Cedar Bog Lake (Sanger 1968) . In addition, oak leaf fragments from about 20-cm depth in the sediments of nearby Green Lake were examined.
Several aquatic macrophytes characteristic of Minnesota lakes were examined fresh, singly and as mixtures. In addition, living samples of Ceratophyllum demersum and Potamogeton richardsonii were placed in clay pots with screened tops and left to decay from mid-August to early November in an open washtub on the bottom of the deepest part of nearby Stanchfield Lake. This shallow lake is highly eutrophic; it is situated in an area of intensive agriculture and receives drainage from a number of croplands, as well as barnyard manure from three dairy farms along the west shore. It has three small inlet streams, and one major outlet that nonnally flows year-round.
Pigment diversity was measured in algal blooms from several lakes, beginning in spring and continuing throughout the season as they reached and passed their peaks. The blue-green algal bloom in Stanchfield Lake was followed closely from its initiation in early spring through summer to its decline in early autumn, and the samples included decaying, floating clumps of algae collected at the height of the bloom in August. Sediment traps were placed in the lake during mid-August to collect sinking algae. The containers were elevated to avoid trapping mud stirred up from the sediment surface during violent windstorms. Several traps were set out to be harvested at intervals during late summer and autumn.
In addition to studies of algal decay under natural conditions, algal soups were collected from Stanchfield Lake and allowed to decay for varying periods of time in beakers at room temperature and in a cold room.
Pigments from old mixed cultures of the photosynthetic bacteria Rhodospirillum 
Sediment samrpling and analysis
Mud samples were collected with a Jenkin surface sampler (Mortimer 1941 , 1942 ) from near the deepest spot in each lake. For Minnesota lakes, the top 10 cm of sediment ( representing approximately the past 30 yr in some of the mesotrophic sites, H. E. Wright, Jr., pe!rsonal communication) was placed in a polyethylene bag and refrigerated until extracted within a week of collection. The English sediments are not wholly comparable, having been taken to whatever depth the Jenkin corer would penetrate (range from 9 to 27 cm), after which the top 5 cm of core was removed to avoid including the oxidized surface microzone. The samples were frozen in Dry Ice and shipped by air to Minneapolis for analysis.
The muds were centrifuged first to remove excess water; pigments were then extracted with 90% acetone and transferred to diethyl ether in a separatory funnel by washing away the acetone with at least 2 liters of distilled water. The pigment-ether solution was concentrated by continued swirling in a fume hood and then dried with anhydrous sodium sulfate.
ITin-layer chromatography plates (20 x 20 cm) [previously coated with a 0.3-mm layer of silica-gel G (acc. Stahl) and dried at 120C for 2 hr in a forced-air oven] were spotted in the lower left corner. The first dimension was developed in the dark with 25 ml of acetone and 75 ml of benzene. When the solvent front reached about 4/5 to the top of the plate, a second dimension was developed similarly with 100 ml of hexane (practical grade from Eastman Kodak), 2 ml of acetone, 4 ml of propanol, and 0.5 ml of methanol. The total time for development was generally from 2 to 2.5 hr, with nearly equal time for each dimension. Since chromatograms of green plants revealed no signs of pigment artifacts, it was assumed not critical to carry out all extractions under an inert atmosphere. The developed plate was examined for spots in both nornal and ultraviolet light. Spots were counted immediately on removal from the second-dimension tank to avoid loss from fading, and a facsimile of the chromatogram was drawn on paper with colored pencils. An example is given for Lake Itasca (Fig. 2) . Reproducibility of the chromatograms was checked frequently by making repeats of the same mud samples on the same day and after refrigeration for several weeks. Little or no change in spot number or position was evident. In addition mud samples from Stanchfield, Green, and Cedar Bog Lakes were collected and processed at different times of year with only minor changes in spot number.
Epiphasic and hypophasic carotenoids were separated for some samples according to the technique of Gorham and Sanger (1967) , and the separated components were run two-dimensionally as above.
Plant sampling and analysis
Phytoplankton was collected with a 10-inch (25.4 cm) net and carried to the laboratory in polyethylene bags for immediate processing. Samples collected more than an hour away from the laboratory were stored in an icebox. Algal as well as bacterial and sediment-trap materials were centrifuged to remove as much water as possible. Pigments were then extracted by grinding the material with ignited coarse sand in 90% acetone with a small amount of added MgCO3. The acetone extract was filtered, transferred to ethyl ether, and developed as above.
Pigments were extracted from fresh, green plant tissue, both terrestrial and aquatic, as well as from green leaves buried in Cedar Bog Pond, by grinding with 90% acetone and a small amount of MgCO3 in a blender. Thin-layer chromatography followed as above.
For extraction of dry autumn leaves and soil humus layers it was necessary first to air-dry the material in a forced-air oven. To facilitate pigment extraction the material was ground briefly in a mill with a 40-mesh screen, then extracted with 90% acetone, filtered, and developed as above.
RESULTS AND DISCUSSION
The number of pigments in Minnesota lake sediments, as shown by thin-layer chromatography, ranged from 24 to 47 (Table 1) . Sediments from the relatively infertile lakes of group 1 (excluding polluted Shagawa) average 30 pigments, compared to 38 in sediments from the very fertile lakes of group 2 (and 39 in Shagawa). No explanation can yet be given for the large number of spots (41) in unpolluted Wilson Lake. Sediments from the English lakes in group 4 average 31 pigments, so they resemble the Minnesota lakes of group 1 in this characteristic as well as in their water chemistry and general trophic level.
The difference between lakes of groups 1 and 2 in number of sedimentary pigments, although significant at the 0.01 level, is much less than the difference in total concentration of pigments per unit of sedimentary organic matter (Gorham and Sanger 1967, and in prep.) . Ratios for group 2:group 1 are: pigment number 1.3, concentration of chlorophyll derivatives 2.4, of epiphasic carotenoids 4.8, and of hypo- The lower number of pigments in lake sediments of group 1 as compared with group 2 is not a result of lower initial pigment concentration in the extracts, because total pigment concentrations were brought to approximately comparable levels by evaporation before the chromatograms were spotted. Certainly better conditions for pigment decomposition exist in the lakes of group 1, where initial production is low and where the water column is often long. In these lakes, pigments are exposed to aerobic conditions throughout their descent to the mud surface, which for the most part remains in contact with oxygenated water all year. This is in contrast to the fertile lakes of group 2, many of which develop anoxic hypolimnia because of the heavy annual rains of pigmented algae and aquatic macrophytes that sediment to the mud surface. This material, which often passes through only a short water column, is in contact with anoxic hypolimnetic water during much of summer because of thermal stratification, and probably also during much of winter because of ice cover. Algal diversity in oligotrophic lakes is generally equal to or greater than that in eutrophic lakes, so it is conceivable that if conditions for pigment preservation were equal, sediments from lakes in group 1 and group 2 would exhibit much the same pigment diversity. It is likely, however, that certain pigments are more sensitive to oxidative decomposition than others, and that these are destroyed in the lakes of group 1 during the longer exposure to oxidizing conditions.
To explain the origin of sedimentary pigments, we must consider the sources of organic matter to the sediments. Allochthonous organic matter is derived from terrestrial vegetation, either green or in the colorful autumn condition, and from detritus on upland soil surfaces. Autochthonous organic matter is derived from decaying aquatic vegetation, including both algae and macrophytes. Table 2 presents pigment characteristics of living, dead, and decaying terrestrial organisms. Goodwin (1960 Goodwin ( , 1965 found that leaves of all green plants examined contain the same four major carotenoids, ,8-carotene, lutein, violaxanthin, and neoxanthin; 8-carotene can be accompanied sometimes by small amounts of a-carotene, and zeaxanthin and cryptoxanthin occasionally are present as minor components of the xanthophyll fraction. Sanger (1968) has followed pigments in oak, aspen, and hazel from initiation in buds in spring through to decomposition in autumn. From the bud stage up to autumn coloration, leaves contained chlorophyll a and b, A-carotene, lutein, violaxanthin, neoxanthin, and occasionally faint traces of pheophytin a, producing a total of seven spots on a two-dimensional chromatogram (Table 2) . During autumn coloration both chlorophylls and carotenoids decay and pheophytin a appears with occasional faint traces of pheophytin b, pheophorbide a, and chlorophyllide a. An unidentified carotenoid also appears tailing close behind lutein. At the same time violaxanthin disappears rapidly, followed by neoxanthin. As many as 10 or 11 spots can be found during t-he most colorful part of autumn. By the time the leaves dry and fall from the trees, hazel and aspen have lost all their pigments while oak leaves still contain appreciable quantities of lutein, ,8-carotene, and pheophytin a.
Mixed tree leaves and grasses, sedges, and forbs have essentially the same group of pigments as the tree leaves. Seven spots are consistently present throughout summer, increasing to 10 or 11 during autumn (Table 2) .
Soil humus layers from the oak forest, spruce-cedar woodland, and prairie (Sanger 1968) contain the same three pigments common to dry, autumn oak leaves: /3-carotene, lutein, and pheophytin a. Two other chlorophyll derivatives, chlorophyllide a and pheophorbide a, also appear consistently in small amounts from the oak forest, yielding five known spots on the chromatograms, sometimes accompanied by one or two unidentified spots (Table 2) . Pigment concentrations in falling autumn leaves and soil humus are low (Gorham 1959; Gorham and Sanger 1964, 1967) , so only small amounts of pigmented organic matter can reach the sediments from these terrestrial sources.
Another possible source is green leaves blown into lakes by summer winds and thunderstorms. Sanger (1968) has shown that the decay of green oak leaves in sediments, although much slower, is quite similar to the decay of autumn oak leaves, with two general exceptions. First, neoxanthin, which disappears rapidly during autumn leaf coloration, is still present in relatively high concentrations after a year in the sediments. Second, pheophorbide a becomes the dominant chlorophyll derivative rather than pheophytin a, the former being still present in relatively large quantities after a year in the pond mud.
Regardless of the type of terrestrial plant examined or its state of decay, no more than 11 spots appear on chromatograms of terrestrial vegetation. The three pigments common to dry, falling oak leaves and soil humus layers are lutein, 8-carotene, and pheophytin a. If the sediments are receiving large quantities of allochthonous material, then these three pigments are the most likely candidates for preservation, along with small amounts of pheophorbide a and chlorophyllide a from the soil humus layers.
Data on pigment diversity in organic matter derived from aquatic organisms are presented in Table 3 . The development of a mixed algal bloom (blue-greens predominating) was followed in Stanchfield Lake. Sixteen spots were found in early June. As the bloom matured by mid-June, and some of the algae began to die, the spot number increased to 20 or 21. This number remained fairly constant in the surface plankton except when heavy rains in midJuly flushed the lake, allowing a new bloom to develop that resembled the initial spring bloom (17 spots). By early August the bloom of late July had matured, and 20-21 spots appeared consistently from then on.
In general, algae sink to the sediments soon after death. Sediment traps were installed in Stanchfield Lake so that the pigment diversity of algae in a more advanced state of decomposition-about to settle on the mud surface-could be measured. The number of pigments (36-39) is close to the average (38) found in surface sediments of eutrophic lakes in group 2 and in Stanchfield Lake sediments (41). Essentially the same picture is found for Chara, which yielded 19 spots when green and fresh, and 27 spots when yellow and partly decayed. One may conclude that pigment diversification takes place mainly during sedimentation, in the course of decomposition. In material caught in sediment traps set out before stratification in Esthwaite Water, a good deal of chlorophyll had decomposed before the dead plant material fell to the sediment surface (Gorham 1960 ), Table 3 . Diversity ranges from 10 to 15 spots, with the lowest numbers coming from relatively pure populations of desmids and diatoms (with very few blue-greens) from Green Lake in Isanti County.
Although we have identified only a few spots, a survey of the literature on algal pigmentation suggests at least 4 carotenes and 14 xanthophylls that might be expected from a mixed bloom of algae common to Minnesota lakes. Of the carotenes, a-, p8-, and y-are the most common, with E-carotene less likely to be present. Xanthophylls include echinenone, oscillaxanthin, myxoxanthophyll, and aphanizophyll, mainly from or unique to the blue-green algae; fucoxanthin, diatoxanthin, and diadinoxanthin found in chrysophytes; dinoxanthin and peridinin in the pyrrophytes; and siphonaxanthin and astaxanthin in the chlorophytes. Lutein, violaxanthin, and neoxanthin are the most ubiquitous xanthophylls (Nakayama 1962; Goodwin 1960; Vallentyne 1960 ).
An assemblage of the major freshwater algae would contain chlorophylls a, b, and c. Chlorophyll a is present in all autotrophic organisms except the photosynthetic bacteria, where it is replaced by bacteriochlorophyll and chlorobium chlorophyll (Stanier 1960) . Chlorophyll b is present in chlorophytes and euglenophytes, and chlorophyll c in the chrysophytes, pyrrophytes, and cryptophytes. In the xanthophytes and cyanophytes, the only chlorophyll present is chlorophyll a.
The pigment number for aquatic macrophytes, either as individual species or as mixtures, ranges from 12 to 15 (Table 3) . It is not clear why they should have a greater diversity of spots than terrestrial angiosperms. Although we tried to wash the plants free of periphyton, it was virtually impossible to get all the attached algae off the leaves and stems without totally destroying the plant, and some of the spots may represent periphyton pigments rather than those exclusively from the aquatic macrophyte. Potamogeton ri,chardsonii from Stanchfield Lake showed considerable quantities of periphyton.
In Potamogeton the spot number increased to 26 in the decayed state (Table  3) . If periphyton remained attached (or colonized the detritus) and decayed along with the plants, this might be understandable. Ceratophyllum showed 12 spots in the fresh condition and only 13 spots after partial decay; it seems to be less attractive as a substrate for periphyton than many Potamogeton species and is also easier to clean.
Data on separated epiphasic and hypophasic carotenoids parallel those on total pigments, with greatest diversity in the sediments (monohydroxy compounds can be found in both phases). Analysis of living plants commonly shows a preponderance of hypophasic pigments, whereas epiphasic pigments predominate in lake sediments. Although an epiphasic/hypophasic separation was not made on photosynthetic bacteria, their chromatograms suggest mainly epiphasic carotenoids. Bacterial carotenoids may well be important components of sedimentary pigments, but they have not received much study in this connection (see Brown 1968) .
Unidentified fluorescent pigments, numbering up to 7, were observed mainly in the sediments. Single spots were noted in material from sediment traps, in old cultures of photosynthetic bacteria, and in decomposing shoreline detritus. These pigments disappear upon saponification and are not found following epiphase/hypophase separations. They are much more diverse in the English samples, averaging 5 per lake as against 1-2 per lake in Minnesota. We suspected that freezing the English samples in Dry Ice for shipment might have made the difference, but trials with Minnesota sediments negated this possibility, and no explanation can be given.
CONCLUSIONS
Although this study is obviously preliminary and opens many avenues for further investigation, it does demonstrate that the great diversity of sedimentary pigments is partly a consequence of decomposition. Among the factors affecting diversity, source material has the most pronounced influence, particularly on carotenoids. Decaying aquatic organisms yield a large array of both epiphasic and hypophasic carotenoids (Table 3) , while terrestrial detritus is low in diversity, with only :-carotene (epiphasic) and lutein (hypophasic) reaching the sediments (Table 2) . From these data, we might expect that lakes with a major allochthonous input could be separated from lakes with a dominant autochthonous component by the ratio of lutein to total hypophasic carotenoids and by the ratio of a-carotene to total epiphasic carotenoids in the sediments-high ratios indicating a large allochthonous input and low ratios a greater importance of autochthonous organic matter. Preliminary data from a core from Kirchner Marsh near Minneapolis suggest that this is a valid assumption. The ratios rise in an appropriate manner at those intervals along the sedimentary column where changes in pollen and macrofossil assemblages are believed to indicate periodic drying of the lake.
Another factor influencing sedimentary pigment diversity is the state of decomposition of the organic matter when it reaches the sediments. If well-decomposed allochthonous materials such as soil humus and dried leaves reach the sediments, they will carry fewer pigments than would upland green leaves. In contrast, decomposing algae sinking to the bottom exhibit a sharp increase in pigment diversity over fresh, undecomposed algae. Probably some of the added pigments are of bacterial and animal origin, while others may be decomposition products of the original plant pigments. Apparently once organic matter has settled into an anoxic environment beneath the mud-water interface, little further alteration of pigments occurs; pigments from the Kirchner Marsh core do not exhibit any great reduction in diversity downward, except at those levels where drying out is indicated.
Trophic status of the lake also influences pigment diversity somewhat. However, while the quantity of pigments per gram organic matter is much lower in oligotrophic than in eutrophic lakes, the diversity of pigments is only slightly lower. Apparently only a few of the pigments most sensitive to oxidation are selectively destroyed in the oligotrophic sites. The sedimentary organic matter in distinctly oligotrophic lakes is probably dominated by allochthonous detritus, as indicated by the low concentration of sedimentary pigments and by the nature of the absorption spectra of acetone extracts (Gorham 1960) . However, the diversity of pigments indicates that some must also have originated from aquatic organisms, part of whose organic matter has resisted decomposition sufficiently to allow burial and preservation in the anoxic sediments.
